In order to support creative design, we propose an approach composed of two methods for generating creative design ideas. The first method involves generating a candidate for a highly creative design idea by focusing on the notion of "polysemy." The second involves evaluating the generated candidate by using a virtual network. In this study, we focus on concept generation, specifically, the process of synthesizing two concepts. Furthermore, we use design idea features for representations of the design idea. We attempt to create a set of design idea features that allows the realization of highly creative ideas. For verifying the validity of the first method, we confirmed that the estimated scores of originality of all the generated candidates extrapolated the score of the base design idea.
INTRODUCTION
Many studies have been conducted on concept generation, and the development of computer-aided concept generation support systems is being actively pursued. Many studies have focused on the notion of analogy as a method for generating design ideas, and many design-by-analogy methods have been proposed. For example, a method using mutation and analogy was proposed by Gero and Maher in 1991 [1] . Other researchers have investigated a knowledge support system [2] , a model-based design-by-analogy method [3] , an expert system using analogical reasoning [4] , a quantitative similarity metric for design-by-analogy [5] , and a unique tool involving analogies from nature that can provide inspiration to designers [6] .
Studies were also conducted on linguistic database-aided methods and analysis using design-by-analogy; Linsey et al (2008) focused on creating multiple linguistic representations of a design problem [7] , and Chiu and Shu (2007) proposed a methodology that involved enhancing concept generation by using verbs as stimuli; that is, verbs would support concept generation [8] . In addition, Kolb et al. (2008) developed a tool for generating compelling metaphors for design [9] . The use of this tool enabled interaction among the designers during the metaphor generation process and helped obtain better metaphors.
Most of the supporting methods or tools evaluate the created design ideas by comparing them with past design ideas [10] . On the other hand, a methodology for generating creative design ideas by the meaning-structure modeling [11] , which was recently proposed by Georgiev et al. (2008) , uses an evaluator to evaluate the effectiveness of designs generated by computer, by yielding an evaluation rating.
In this study, we develop a methodology for generating a candidate creative design idea and evaluating it. Generally, the evaluation of a design idea is performed after the idea is completed, by analyzing its features by using methods such as the semantic differential method. Creativity estimation at the early stage of generation of an idea would enable designers to create better creative design ideas.
For proposing creative design ideas, we focus on the notion of association. Concept association is a key notion in creative design and is performed during concept generation. Many of the concepts associated with a realized design idea can enhance the users' impressions regarding it; in other words, this association corresponds to the evaluation of a design idea. Concept association in concept generation can enhance the thought process of the designer as well. Some research groups have mentioned and focused on this association [11, 12, 13] .
PURPOSE AND APPROACH
We propose an approach composed of two methods for generating creative design ideas. The first method involves generating a candidate by focusing on the notion of polysemy. The second method involves evaluating the generated candidate using a virtual network.
In this study, we focus on concept generation, particularly, the process of synthesizing two concepts (hereafter referred to as base concepts). Furthermore, we use design idea features (explained later) as the representations of the design idea, and attempt to create a set of design idea features that may indicate a high level of creativity.
We first reanalyze the creativity of design ideas obtained in a design experiment [14] . Then, we develop a method for generating creative design ideas on the basis of the experimental results. Finally, we verify the validity of the method. Although we have already analyzed the design ideas by using virtual modeling to understand the nature of design creativity [20] , we reconsider them as a method for evaluating design ideas in this study.
In our previous design experiment [14] , 22 Japanese students were required to create a new design concept from two base concepts; in other words, the students were asked to carry out concept synthesis. Using the concepts of SHIP-GUITAR and DESK-ELEVATOR as the base concepts, they were required to sketch, explain, and list design idea features that could explain their design ideas. They came up with 20 design ideas for SHIP-GUITAR and 19 design ideas for DESK-ELEVATOR. Eleven evaluators rated the creativity of their design ideas on a scale of 1 to 5, on the basis of their practicality and originality [15] . In this study, we analyze the design ideas for SHIP-GUITAR (Table 1) as an example of a design idea.
Although this concept-synthesizing process is an abstract process, we believe that this is important in engineering design. The concept-synthesizing process is found in an actual field. Empirically, the invention of the art knife-the first snap-off blade cutter-is an appropriate example of the use the conceptsynthesizing process. The inspiration for this original idea stems from the synthesis of two concepts, namely, chocolate segments that can be broken off and the sharp edges of broken glass [16] . Thus, such abstract factors would be important in creating a new product.
DESIGN GOAL

Concept Generation
In this study, we adopt the process of synthesizing two concepts as the basis for generating creative design ideas. Concept-synthesizing process is a typical concept generation process wherein the design idea is newly created from given base concepts [17, 18] .
Design Idea Features
We use design idea features that are expressed by a single word as a substitute for the design idea. Design idea features are concepts that can explain the design idea. Instead of the actual design process, namely, the concept-synthesizing process, we consider the process between the base concepts and design idea features as the design process (see Figure 1 ). 
METHOD 1: GENERATING A CANDIDATE OF A SET OF DESIGN IDEA FEATURES
In this section, we propose a method for generating a candidate of a creative design idea on the basis of the notion of polysemy.
Polysemy
We have previously found that the number of concepts associated with a realized design idea corresponds to its creativity [13] . However, the property of the design idea features that is related to the association is unknown. From a linguistic viewpoint, we assume that the polysemy of a design idea feature is related to the creativity of the design idea; this is because a design idea with highly polysemic features is expected to fulfill a rich meaning structure that enhances a user's impression of it.
Polysemy is the capacity of signs such as words and phrases to have multiple meanings. This is a pivotal concept in social sciences such as media studies and linguistics. For example, the word milk is a noun, as in, "I drink a cup of milk every morning." Milk is also a verb, as in "I tried to milk a cow." Another example is the word wood, which may refer to the material that forms the trunks and branches of trees and also to a forest area.
Correlation between Creativity and Polysemy
In this study, we examined the correlation between creativity and polysemy of the design idea features. We estimated the number of meanings of all the words expressing the design idea features by using WordNet [19, 20] , and calculated the average of the polysemy (the number of meanings) for each design idea. There were 20 design ideas. The averages were compared with the score of originality obtained in our previously described experiment. Then, we performed a correlation analysis and obtained a significant model (R 2 = 0.51), which was decided by its F-value. Therefore, this result shows that the polysemy of a design idea feature has a significant correlation with the originality (see Figure 2 ). 
Design Idea Feature Replacement
On the basis of the abovementioned findings, we propose a method based on polysemy for generating a candidate of a set of design idea features. In this method, some of the features in a given base design idea set are replaced with an equivalent number of features from another design idea set. The features of a base design idea with low polysemy are replaced with those of a design idea with high polysemy. Figure 3 illustrates this feature replacement. The circle represents a word expressing a design idea feature; the number represents the polysemy. 
METHOD 2: EVALUATING THE GENERATED CANDIDATE
As mentioned above, association is a way to enhance the thought process of a designer. In this section, a method for evaluating the candidate generated by method 1, as shown in Section 4, is proposed. In this method, the originality of the generated candidate is estimated by using a regression based on the correlation between the score of originality and the structure of the virtual network, which virtually represents concept generation process by focusing on their association.
Virtual Modeling of Concept Generation Process
This method is based on the notion of the virtual modeling of the thinking process, which focuses on the notions of "structure" and "latent sensitivities," which underlie the notion of association. Below is an outline of the method, which has been previously developed by us [21] below. This method is based on the following hypothesis.
Factors that affect the evaluated score of creativity of design idea are closely related to the structure of the thinking space.
On the basis of this hypothesis, a thinking space is represented by a network, with the concepts evoked during concept generation as nodes and the relationship among the nodes as links. Several research groups have used the notion of "network" for analyses in various domains [22, 23, 24, 25] . In this study, we constructed a network representing a thinking space as a model of concept generation process by employing the notion of network. This structure of the thinking space, which is used to find thinking patterns, is analyzed. Figure 4 shows the image of the thinking space and its structure. Some studies have discussed the notion of "latency." Many studies in the field of design have focused on latent sensitivities such as latent function [26, 27] and latent semantic approach [28] . We believe that a designer cannot explicitly express all his/her thoughts; however, we can consider the thinking space to be composed of chain processes of concepts that are explicitly represented (for example, protocol analysis using linkography [29] ). The results of the previous research indicate that latent sensitivities can be used to extract functions or relations that cannot be expressed explicitly. We study the latent concepts involved in the thinking space by modeling the virtual chain processes of concepts evoked in concept generation process; in other words, we assume the concepts that appear in the virtual model to involve latent concepts.
Accordingly, we propose a method for modeling a virtual thinking space by using a semantic network and quantitatively analyze its pattern using network theory.
Construction of a Virtual Thinking Network
Recently, several researchers in the design domain have used semantic networks [7, 8, 11] . Semantic networks have structures composed of semantic relations between words, such as the hypernym-hyponym relation and associated relations. Semantic networks are practically useful for searching links between words. In addition, since semantic networks do not depend on the designer's background, they are suitable for the virtual modeling of concept generation process, and the virtual thinking space constructed on the basis of these networks can be reproduced on a computer. A semantic network is used for identifying virtual chain processes of concepts during the concept generation process. The virtual chain processes comprise paths that lead from base concepts to design idea features, and each path represents a chain of association from a concept to another concept. There exist nodes except base concepts and design idea features in each of the paths. These nodes are virtual concepts. Virtual concepts are assumed to involve latent concepts in concept generation process. We construct a network that involves the paths composing a virtual chain process as a representation of a virtual thinking space (hereafter referred to as a virtual thinking network). Thus, virtual thinking networks consist of two types of nodes: (1) the explicit concepts that are assumed to be imaged explicitly in the design thinking process (2) latent concepts. Figure 5 shows the process of constructing the virtual thinking network. This process involves the following four steps:
Step 1: Searching for paths between a base concept and a design idea feature (first diagram in Figure 5 ). Here, a concept is expressed as a word, and a path is a set of direct links joining two words.
Since words have multiple meanings in the semantic network, multiple paths between the base concept and the design idea feature are extracted.
Step 2: Extracting virtual concepts that appear in the paths between the base concepts and the design idea features in the form of latent concepts (second diagram in Figure 5 ).
Step 3: Constructing a network with the virtual concepts as nodes, and the links as the extracted paths (third diagram in Figure 5 ). Step 4: Extracting the structure of a virtual thinking network as the structure of the thinking space (fourth diagram in Figure 5 ). Figure 5 . Process of constructing a virtual thinking network.
Correlation between Creativity and Structure
By using network theory, we analyzed the structure of the thinking space extracted from the virtual thinking network. Using the network, a graph consisting of a set of nodes and a set of links joining the nodes was drawn. Although a wide range of statistical criteria exists in network theory, we used a few important criteria to characterize our thinking network. We chose the same network statistical criteria used by Steyvers and Tenenbaum [30] . These authors used these statistical criteria to examine whether or not the structure of semantic networks is different from that of other complex natural networks.
We analyzed the design ideas described in Section 3 and found that some criteria, particularly the number of nodes in a virtual thinking network, had a significant correlation with the originality scores of the design ideas. We performed stepwise regression for automatic selection of significant variables on the basis of the F-value significance ( Figure 6) ; then, we obtained the regression equation with the number of nodes as the significant variable.
In this study, the originality of a newly generated design idea was estimated using this regression equation. Figure 6 . Correlation between the originality and the number of noses in a virtual thinking network for a design idea.
METHODOLOGY
On the basis of Methods 1 and 2, we propose the following methodology for supporting design idea generation:
Step1: Select two design ideas from the existing design ideas: the base design idea and the design idea to be combined with this base design idea. Step2: Using Method 1, combine the design idea features of the design ideas selected in Step1. Step3: Using Method 2, evaluate the set of design idea features generated in Step2.
EXPERIMENT
We used WordNet [19, 20] as the semantic network and the network analysis tool Pajek [31] to visualize and analyze networks in terms of network theory. Using Pajek 1.23, we visualized the constructed networks and calculated the values of the statistical criteria of the network. WordNet was run in a Linux environment, while Pajek was run on Windows XP system.
Selecting design ideas
We selected design ideas with the four highest scores for estimated originality by using the regression equation shown in Figure 7 . B6 was selected as the base design idea, while A2, B5, and B9 were selected as the design ideas to be combined with the base design idea. Table 2 shows the following for each design idea: the originality score, which is based on the actual design ideas, given by the evaluators; the score estimated by regression equation; the number of nodes in the virtual thinking network; and the number of design idea features.
Combining Design Idea Features
We show the design idea features and their polysemy in Table 3 . We combined the design idea features by using Method 1. In order to verify the effectiveness of generating a set of design idea features based on Method 1, we also combined design idea features by random replacement. For this purpose, we replaced a few design idea features (extracted randomly from the set of design idea features of the selected base design idea) with an equivalent number of features (extracted randomly from the set of design idea features from another design idea set). The number of design ideas (the set of design idea features) generated by using Method 1, and those generated randomly, are shown in Table 4 . Figure 8 . The estimated originality score for each candidate generated by Method 1 (Polysemy-based replacement). Figure 9 . The estimated originality score for each candidate generated by random replacement. Figure 7 shows the virtual thinking network for a base design idea (left) and that for a candidate generated by Method 1 (right). Figures 8 and 9 show the estimated originality scores for each candidate generated by Method 1, and those by random replacement. Circles indicate the estimated originality of the base design ideas.
Results
We tried to design a new concept from the set of features, which was estimated to have the highest score of originality, from a set of features.
This set of features was obtained by replacing "pleasantness," "symbiosis," "humankind," and "egalitarianism," with "string," "sharp," "performance," and "material" from the design idea features of B5. Figure 10 shows the design idea sketched by us from the obtained features. This design idea corresponds to a vehicle on water; this is driven by a duck, a dolphin, or a fishshaped robot, which is manipulated by the sound of a string plucked by a person in the vehicle. This design idea is expected to be creative. Figure 10 . New design idea generated from the set of features, which is estimated to have the highest score of originality in the candidates generated by Method 1.
Consideration
The network shown on the right in Figure 7 is more complex than that shown on the left. We have previously reported that the complexity of a virtual thinking network is related to the originality of the design ideas [21] . Therefore, network complexity indicates whether or not a candidate might be highly creativity.
From Figure 8 , we can see that all the candidates generated by Method 1 have the estimated score of originality that extrapolate the one of the base design idea. Although the difference between the base idea and the generated candidates seems not to be significant, the increase of the estimated score is 0.08-0.25 and this improvement is expected to be significant for the designers. This suggests that Method 1 (method for generating a candidate of a design idea) is consistent with Method 2 (method for evaluating the generated candidate), and vice versa. Although these methods are based on the same notion of association, they have different points of view: Method 1 refers to the user's impression, while Method 2 refers to the designer's thinking space. Therefore, our result shows that these are complementary to each other. As a result, the proposed methodology, which involves method 1 and method 2 is expected to be useful for the generation of highly creative design ideas.
CONCLUSION
In this study, we proposed two methods for generating creative design ideas: Method 1 and Method 2. Method 1 involves generating a candidate for a more creative design idea by focusing on the notion of "polysemy." Method 2 involves evaluating the generated candidate by using a virtual network. In this study, we focused on the concept generation, particularly, the process of synthesizing two concepts. Furthermore, we used design idea features as the representations of the design idea and attempted to create a set of design idea features that would result in high creativity. The candidates generated by Method 1 were evaluated by Method 2, and we found that their candidates extrapolated the estimated score of originality of the base design idea. Our results show that the generated candidates are capable of manifesting a high level of creativity.
